Introduction
To avoid potentially dangerous climate change, one option is to capture and store CO 2 emitted by fossil-fuel burning power stations and other industrial sources (Orr, 2004) . Saline aquifers provide the largest potential for storage and the widest geographical spread (Hawkes et al., 2005; IPCC, 2005 IPCC, , 2007 . Subsequent leakage of CO 2 into the atmosphere, even over hundreds of years, would render any sequestration scheme inefficient.
There are several mechanisms by which CO 2 can be trapped in the subsurface. Hydrodynamic trapping occurs when the buoyant CO 2 is trapped under impermeable cap-rock (Bachu et al., 1994) . However, this process relies on an intact barrier to upwards flow. Solution trapping is the dissolution of CO 2 in the aquifer brine. The CO 2 saturated brine is denser than the surrounding brine leading to convective mixing where the denser brine migrates deeper into the formation over hundreds of thousands of years (Lindeberg and Wessel-Berg, 1997; Ennis-King and Paterson, 2005; Riaz et al., 2006) . Mineral trapping occurs when CO 2 dissolves in formation brine which subsequently reacts with the host rock or reservoir brine to generate solid minerals over periods of thousands to billions of years (Gunter et al., 1997; Lin et al., 2008) .
The fastest way to immobilize the CO 2 without relying on sealing cap-rock is through capillary trapping where CO 2 is stranded in pore-space bubbles surrounded by water. This process occurs at the trailing edge of a CO 2 plume as it migrates upwards, when it is displaced by natural groundwater flow or by the injection of chase brine (Kumar et al., 2005; Juanes et al., 2006; Qi et al., 2009) . Juanes et al. (2006) suggested that brine could be injected with CO 2 to enhance trapping, while Qi et al. (2009) have used this idea as the basis of an injection design strategy to trap CO 2 in a few years.
Capillary trapping
The amount of capillary trapping in small core samples has been measured in oil-water, gas-water and three-phase gas-water-oil systems. Fig. 1 shows a compilation of two-phase data in the literature where the residual non-wetting phase saturation is plotted as a function of initial saturation (Geffen et al., 1952; Crowell et al., 1966; Land, 1971; McKay, 1974; Ma and Youngren, 1994; Pickell et al., 1966; Kleppe et al., 1997; Kralik et al., 2000; Suzanne et al., 2003; Jerauld, 1997) .
The majority of the data in the literature has been concerned with gas-water systems in consolidated media. For CO 2 storage applications, the CO 2 is likely to be injected as a supercritical phase with a liquid-like density. Furthermore, it may be injected into poorly consolidated, relatively shallow formations (of say, around
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1 km depth). In this preliminary study we will consider the trapping of analogue fluids at ambient conditions in unconsolidated media. We take two fluid pairs to represent the possible extremes of behaviour: n-octane/brine where the fluid densities are representative of supercritical CO 2 and brine but where the octane viscosity is higher than supercritical CO 2 ; and air/brine with a lower density, low viscosity non-wetting phase.
Experimental methodology and equipment
The wetting phase in both sets of experiments was brine (de-ionized water with 1 wt% potassium chloride, and 5 wt% sodium chloride). The non-wetting phase was either n-octane or air. The ambient temperature and pressure was 293 K (AE1 K) and 0.101 MPa (AE0.003 MPa), respectively. The sand used in the experiments was unconsolidated Levenseat 60 (LV60) sand (WBB Minerals, UK).
Sand was packed in custom-machined polymethylmethacrylate columns 0.6 m long and 4 cm in diameter. The design of the column featured pre-machined grooves around the circumference every 5 cm along the column length. These grooves allowed the column to be sliced upon completion of the flow experiment such that direct samples could be taken from the sand pack for analysis using gas chromatography (GC) (oil/water systems) or mass balance (air/water systems). When packing the column with sand, a circular piece of wire mesh (brass) and two circular pieces of filter paper (VWR Int. Filter Papers 415) were placed between the sand face and the column end cap to prevent sand production. A balance (Model S-6002, Denver Instruments) was used to measure the mass of the sand-packed column in at different conditions: dry, saturated and sliced (accuracy of AE1.0 Â 10 À5 kg). Fig. 2 shows the experimental apparatus used.
The use of GC for direct sample measurement (DiCarlo et al., 2000 ) is a precise approach that is highly accurate. A PerkinElmer Autosystem XL GC fitted with a SGE forte capillary column (30 m Â 0.25 mm ID, BP20 0.5 mm, polyethylene glycol) and a thermal conductivity detector (TCD) was used to detect fluid concentrations. The GC set-up allowed detection of changes of the magnitude of 1 ppm within each GC sample vial. A high precision syringe pump (Teledyne Pump 1000D) was used in all flooding experiments. Flow accuracy according to technical specifications is AE0.5%. The capillary number for brine injection was 5.7 Â 10 À6 and the Bond number for vertical displacement was 5 Â 10
À4
. We also performed an additional experiment at one quarter the flow rate (corresponding to one quarter the capillary number) and obtained identical results to within experimental error. The flow regime is likely to be representative of CO 2 storage applications (Qi et al., 2009 ). Tables 1 and 2 outline the experiments performed and their associated parameters. The experimental procedure was as follows:
Experimental procedure
Oil-water system:
1. Column dry packed with LV60 sand. 2. Column fully saturated with brine. 3. Octane injection (primary drainage)-performed to reach S oi . 4. Brine injection (secondary imbibition)-performed to reach S or . 5. Column sliced for sampling. 6. Addition of solvent (2-propanol) to each sample of sand + octane + brine. 7. Filtering of each sample removed sand leaving a single homogeneous liquid phase. 8. Injection of homogeneous liquid samples into GC for compositional analysis.
Gas-water system:
1. Repeat steps 1 and 2 for the oil-water system. 2. Air injection (primary drainage)-performed to reach S gi . 3. Brine injection (secondary imbibition)-performed to reach S gr . 4. Column sliced. 5. Weigh each column section filled with sand, brine and air. 6. Recover sand and wash with de-ionized water and measure sand mass. 7. Weigh each empty clean column section. 8. Measure bulk volume of each column section.
Nomenclature

C trap
Regardless of the fluid system the procedure began with the packing of a column with LV60 sand. Each individual sand-packed column would yield either an initial or a residual set of data. Two columns -as a minimum -were required to produce a single set of S oi versus S or (or S gi versus S gr ) values; we added additional replicates to assess the reproducibility of the results. We repeated the gas-water experiments with a longer, narrower column (1 m long and 2 cm in diameter) to assess the effects of the size of the packs on residual saturation.
A known mass of sand was added to a column with a known bulk volume. The subsequent porosity of the sand pack was determined by mass balance. A packing density of 1654 kg/m 3 was used throughout. The bulk volume of the columns was found by filling them with water of a known density and measuring the mass and comparing with the mass of the dry column. The packing process was performed with dry sand poured into the column in one continuous motion under vibration. Table 3 displays the average properties of the packs. Establishing an initial brine saturation of 100% was accomplished in three steps. The brine was completely de-aired by bubbling oxygen-free nitrogen gas through the brine for a minimum of 15 min. In addition, and prior to brine injection, the column was completely saturated with gaseous CO 2 . Five hundred millilitres of brine was injected under a 0.138 MPa backpressure to displace the CO 2 . The back-pressure was applied with a needle valve, forcing the brine into the smaller pores. Even so any remaining trapped CO 2 gas dissolved in the brine, resulting in a 100% saturated sand pack. For the oil-water system three vertical experiments were performed, with different volumes of octane injected in each case. Once the desired volume of octane had been injected from the top, the column was inverted such that the high oil saturation interval was at the bottom. The octane subsequently migrated upwards due to buoyancy forces. Oil migration was stopped by placing the column horizontally once the first drop of octane reached the filter paper at the top end of the column. An additional horizontal experiment was also performed where 500 mL of octane was injected. In the air-brine experiments, the inlet and outlet at the top and bottom of the column were opened so that air migrated into the sand pack by gravity forces for 3.5 h.
The column would either be sliced to find S oi /S gi or brine injection would start. To reach residual conditions four pore volumes of brine were injected. Non-wetting phase production ended long before the end of the experiment. Then the column was sliced into sections.
In the oil-water system the experimental procedure replicates a situation where injected CO 2 migrates upwards due to buoyancy forces before being trapped by chase brine.
For the oil-water system each section was mixed with 10 g of 2-propanol solvent. This amount of solvent had been determined to be sufficient to dissolve both the n-octane and brine giving a single homogeneous liquid phase. The mixture of sand and liquid was then filtered to remove the sand. The liquid was sampled into vials ready for GC analysis. For the air-brine experiments, each sliced section was weighed. Then the wet sand contained in each section was washed three times with de-ionized water to remove dissolved salt. The sand was then dried and weighed again. The bulk volume of each column section was measured.
Results
Fig . 3 shows the measured oil saturation profiles, while Fig. 4 shows the measured gas saturation along the columns. We are able Chierici et al., 1963; Delclaud, 1991; Ding and Kantzas, 2001; Firoozabadi et al., 1987; Hazlett et al., 1999; Kantzas et al., 2001; Keelan, 1976; Kyte et al., 1956; Legatski et al., 1964; Mulyadi et al., 2000; Plug, 2007; packs. to reproduce similar profiles in replicate experiments. In a single column we are able to probe a wide range of initial and trapped saturations. Fig. 5 shows a compilation of the measured trapping data. The error bars are based on the standard deviation from experiments where replicates were performed. The results for gas using two different sized columns are consistent, indicating that the size of the packs does not affect the results. The model proposed by Aissaoui (1983) provides a good fit to the data with an initial linear increase in S or to S max or ¼ 12:8% at S o = 48% followed by constant S or for an oil-water system; and a linear increase in S gr to S max gr ¼ 14:0% at S g = 20% followed by a constant S gr for a gas-water system. Previous analysis by Pentland et al. (2008) has shown that neither the Land nor Jerauld models match this dataset, since they over-estimate the residual for low initial saturations. The model proposed by Spiteri et al. (2008) -a quadratic variation of residual with initial saturation -also works well. While traditionally the residual saturation is measured, for storage applications a more useful concept is the capillary trapping capacity C trap which the fraction of the total volume of the porous medium that can be occupied by the trapped residual non-wetting phase saturation (Iglauer et al., 2009) : C tra p ¼ fS ðnwÞr where f is the porosity and S (nw)r is the residual saturation. Fig. 7 shows literature values trapping capacity compared to our experimental data. Our results give lower trapping capacities than most measurements in the literature since our systems have a fairly homogeneous grain size distribution leading to little trapping.
Discussion and conclusions
We have measured the trend of both residual oil and residual gas saturations against initial saturation in unconsolidated sand packs. We found relatively low residual saturations; in the highporosity homogeneous pore space, waterflooding at the pore scale proceeds as a uniform advance controlled by cooperative pore filling with little snap-off and trapping (Valvatne and Blunt, 2004) . The residual saturations increased linearly with initial saturation until a maximum of approximately 13% for oil and 14% for gas was reached for initial saturation of approximately 50 and 20%, respectively. The most important figure regarding the CO 2 storage is the capillary trapping capacity. The observed capillary trapping capacities were 4.7 and 5.2% for oil-water and gas-water systems, respectively.
At 50% oil (20% gas) saturation, the non-wetting phase is able to occupy all the larger pore spaces in which it will be trapped during waterflooding-invasion of smaller pores during primary drainage does not increase the residual saturation since the non-wetting phase will be displaced from these regions. This is in contrast to highly consolidated media with a wide pore size distribution, where the non-wetting phase can be trapped in small pores that are only filled at high initial saturations. The linear Aissaoui's correlation (1983) is a good match to the data.
The differences between the oil-water and gas-water data are likely to be caused by differences in interfacial tension and contact angle. The gas-water system is likely to be more strongly waterwet, giving more snap-off and trapping. Note that in Fig. 6 for low initial saturations, the oil-water and gas-water data on the same system bracket the high and low range for all types of material. This shows that subtle effects of wettability can be significant. Furthermore, this range of low saturation is likely to be encountered in field-scale floods designed to maximize trapping (Qi et al., 2009 ). This suggests that experiments on supercritical brine systems are needed to determine precisely the degree of trapping (Suekane et al., 2008) .
This work implies that CO 2 injection in poorly consolidated media would lead to rather poor storage efficiencies due to capillary trapping alone, with at most 4-6% of the rock volume occupied by trapped CO 2 ; this is at the lower end of the compilation of literature results shown in Fig. 7 .
